Opportunities for observing long-term changes in natural biota are rare. Observations on the distribution and frequency of vascular plants were performed on 23 mountains situated along a west-east gradient in Jotunheimen, central Norway, where detailed site descriptions and species lists exist from ad 1930-31. The sites were resurveyed during the summer of 1998, to examine possible changes in species richness and species distributions along the altitudinal gradient during a 68-year period. Increased species richness was found on 19 of the mountains and was most pronounced at lower altitudes and in the eastern areas. Lowland species, dwarf shrubs and species with wide altitudinal and ecological ranges showed the greatest increases in abundance and altitudinal advances since the 1930-31 study. Species with more restricted habitat demands, such as some hygrophilous snow-bed species, have declined. High-altitude species have disappeared from their lower-elevation sites and increased their abundance at the highest altitudes. Climatic warming occurring in the last 100 years might have allowed the invasion of lowland and lee-slope species. Increased competition at sites where such species have invaded may have led to a decreased abundance of the less competitive species and a concentration of high-altitude species on the highest ridges. Natural succession since the 'Little Ice Age', increased deposition of nitrogen during recent years and changes in grazing and tourism might have in uenced some of the species turnovers, but recent climatic changes are considered to be the most likely major driving factor for the changes observed.
Introduction
Alpine vegetation is vulnerable to global warming (e.g., Callaghan and Jonasson, 1995; Holten and Carey, 1992) . High-altitude ecosystems are largely controlled by climatic constraints, and many plants occur close to their climatic limits of survival. It is assumed that vegetation belts will shift upwards in response to increased temperature. However, several climaticchange experiments have shown species-speci c responses in plant growth and reproduction (e.g., Arft et al., 1999; Chapin and Shaver, 1985) , and predictive models forecast changes in species distribution if temperature continues to rise (e.g., Gottfried et al., 1999) . Since many mountain plants are intolerant to competition, fastgrowing lowland species with broad altitudinal and ecological ranges are predicted to expand at the cost of slow-growing, competition-intolerant species with narrow habitat demands (e.g., Holten, 1990; 1998; Saetersdal and Birks, 1997) . Snow-bed species abundant at high altitudes and several nationally rare alpine species of open habitats are thought to be most vulnerable (Saetersdal and Birks, 1997; Holten, 1998) . Some alpine taxa and alpine vegetation types might become extinct (e.g., Holten, 1990; Grabherr et al., 1995) , and locally rare species might disappear on some mountains if no refugial habitats exist (Gottfried et al., 1999) . The overall effect of climatic warming on mountain ora and vegetation cannot, however, be con dently predicted because of interactions and feedbacks acting within the whole ecosystem. Observations of long-term changes in natural biota are urgently needed to improve our predictions about the responses of mountain ora and vegetation to environmental change.
Investigations have been made to detect recent changes in the alpine ora and vegetation of the European Alps. Braun-Blanquet (1957) observed increased species richness on the summit area of Piz Linard during the period 1835 to 1947, whereas Grabherr et al. (1994) showed an upward movement of vascular plants on 26 summits exceeding 3000 m during a period of 40-90 years (Grabherr et al., 1994; . Increased species richness was 2 The Holocene 13 (2003) observed on 70% of the peaks and was most pronounced at the lowest elevations. Hofer (1992) recorded a signi cant immigration of 16 to 28 species on 12 of 14 peaks in the Swiss Alps between 1905 and 1983-86. In light of these reports, it was decided to resurvey the ora of selected Jotunheimen mountains (61°N, central Norway) (Figure 1 ), whose ora had been recorded systematically in 1930-31 (Jïrgensen, 1933) . Jotunheimen is the highest massif in the Fennoscandian mountain range. It has the greatest area of alpine terrain, providing the highest climatic tree-line (1200 m) and altitudinal vegetation belts in Scandinavia. Alpine relief is most rugged on the western summits, whereas the topography becomes more subdued eastwards. The 1930-31 data include detailed site descriptions from 25 mountains situated along a west-east gradient in Jotunheimen. Most of these mountains exceed 2000 m in elevation. The data consist of the occurrences and numbers of vascular plants recorded from sites along altitudinal gradients from 1500 m to the summit (Jïrgensen, 1933) . The mean annual temperature has increased by 0.4-1.2°C in the area over the last 100 years (Hanssen-Bauer and Nordli, 1998) . Annual temperatures were lowest before the historical survey, and increased during the 1930s due to warm winters, summers and autumns. Annual temperatures decreased during the 1970s and 1980s, while a warming due to warm winters and springs occurred towards an optimum in the 1990s. Summers have been warmer after 1930, with the highest temperatures in the 1930s and 1940s (HanssenBauer and Nordli, 1998) . Mean annual precipitation has increased by 5-18% during the period 1896-1997, mainly caused by increased autumn precipitation (Hanssen-Bauer and Fïrland, 1998) . In the early 1930s, winter precipitation was higher than normal (1961-90 average) in the eastern parts of the area, followed by a decreasing trend in the 1980s. In the same period, snowfall was below normal (1961-90 average) in the west, increasing dramatically from 1965 to 90 (Hanssen-Bauer and Fïrland, 1998) .
The biological impacts of this documented climatic change invite investigation. By locating the same sites and using methods as similar as possible to the original survey, our botanical survey was repeated in 1998 to examine the following questions. 1998. One day was normally spent on each mountain, which is the same time as Jïrgensen spent in 1930 and 1931 . Route descriptions and detailed habitat notes from Jïrgensen (1933) made it possible to identify his study sites, but previous altitudes from the maps available to Jïrgensen had to be adjusted to be consistent with the present maps of the series M711, Statens kartverk. Mountain names are revised according to the new maps. An aneroid barometer with an accuracy of about 10 m was used for estimating altitudes in both investigations.Calibrations were made in 1998 as frequently as possible using the M711 map series and localities of known altitude, such as summits.
Jïrgensen recorded the presence of all vascular plants from about 1500 m and up to the top of 25 mountains. Size and location of the sites were selected subjectively so as to include as many species as possible. Sites were chosen every 30-50 m altitude at the richer, lower elevations, and at about every 100 m when species richness decreased with altitude. Most of the localities face south or southwest. Our 1998 study was carried out only at sites thought to be as close to Jïrgensen's sites as possible according to the detailed descriptions in Jïrgensen (1933) . Voucher specimens were collected and deposited in the University of Bergen Herbarium.
Twenty-three of the 25 mountains investigated by Jïrgensen (1933) were studied and 265 of the 320 original localities were successfully resurveyed in 1998. Dif cult weather conditions were the main reason that not all the mountains and sites were visited and resurveyed. Some of the Jïrgensen localities with few species and situated in steep and rugged terrain around 1800 m were dif cult to identify and all such uncertain sites have been omitted from the analyses. To avoid any errors due to sampling differences between the two investigations, species frequencies were amalgamated into 100 m altitudinal bands for comparative analysis rather than comparing individual recording sites. The plots are documented in detail by Klanderud (2000) to permit future study. more continuous migration corridors occur from the species-rich lowland areas than in the west. New species (not recorded by Jïrgensen) (white columns) are found on all mountains ( Figure  2A ), but are most frequent towards the east, whereas more species were not refound in 1998 (black columns) on the western mountains. Species richness in the 1800-1900 m altitudinal band is almost unchanged (Figures 3 and 4B) , with the most pronounced stagnation or decrease in richness in the west ( Figure 4B ). This elevation commonly forms a steep transition to the high summit plateau. Frequent erosion events and unstable substrates make plant establishment dif cult, and these processes might be more frequent in the west, as western mountains are generally steeper and more rugged than in the east. The slight increase in richness recorded on the summits is probably related to sheltered habitats on rocky sites. The windswept summit-plateaux covered by extensive block-elds show less change. The most remarkable change above 2000 m is on Surtningssui (SR Figure 4A ). Only two species were found in 1930 (Jïrgensen, 1933) compared to 14 in 1998 (Klanderud, 2000) . A survey in 1951 (Dahl and Hygen, 1951) , 1996) . The increased frequencies of such species suggest that the length of the snow-free period has increased. A longer growing season is also suggested by the increased frequency of other species related to less extreme snow-beds (e.g., Omalotheca supina, Veronica alpina, Sibbaldia procumbens, Cassiope hypnoides). Species of extreme late-melting snow-beds (e.g., Oxyria digyna, Cerastium cerastoides, Ranunculus pygmaeus and some Saxifraga species) have decreased their site occupancy since 1930-31. Earlier snowmelt leading to decreased soil moisture and nutrient availability in summer might explain this decline. Acidi cation, especially in snow-accumulation sites, due to increased deposition of strong acids in 'acid rain', might also explain the decrease of calciphilous species (e.g., Saxifraga cernua, Erigeron uni orus) and the increase of oligotrophic species (e.g., Omalotheca supine, Sibbaldia procumbens). Species most frequent at highest altitudes (e.g., Ranunculus glacialis, Poa exuosa, Trisetum spicatum), have disappeared from their lowestelevation sites, but have increased in abundance at highest altitudes. Competition might be a more important determinant in alpine vegetation than earlier thought (e.g., Huston, 1994) . Invasion of competitively strong species from lower elevations has most likely reduced the occurrence of less competitive snowbed or high-altitude species growing at their lower-elevation limits. At the higher altitudes, however, warmer conditions may have led to increased abundances of the species already growing here, as more competitive species are still absent.
Results

Increased species richness
Discussion
Altitude, migration corridors and favourable rooting substrate appear to be important for species invasion and establishment. This is consistent with conclusions from the European Alps, although Grabherr et al. (1994; and Hofer (1992) increased species richness by climatic warming alone. Climatic changes may explain the major changes observed in our study, but the causal factors are likely to be complex. The possibilities of sampling errors are particularly relevant when a comparative study is performed between two time periods and between different observers. However, as the historical and recent records are always compared within 100 m altitudinal bands rather than on a site-bysite basis, small sampling differences should be averaged out. The very pronounced changes observed in this study are shown by common species that are easy to detect (e.g., dwarf shrubs) in habitats where species richness is, in general, low. The parallel changes on neighbouring mountains with similar topography and geomorphology and the increased abundance of species on the summit sites, which are impossible to misidentify and where the very sparse vegetation is easy to detect and study, all suggest that factors other than sampling errors must explain the observed changes.
The plant cover in 1930-31 was probably determined by the climate of the previous decades, which were the coldest in the last 100 years, involving most of the recorded cold extremes during the climatic series (Hanssen-Bauer and Nordli, 1998) . Matthews (1977) found a relationship between tree growth and glacial uctuations, as both phenomena depend highly on summer temperatures. Corresponding tree-growth minima and glacial advance of Storbreen (Figure 1 ) in 1928-29 (Matthews, 1977) Nesje et al., 1995) . The 1930s to the 1950s had the highest summer temperatures during the last century, including all the warmest extremes recorded over the last 100 years (Hanssen-Bauer and Nordli, 1998) . Birch forest advanced 30-40 m in the area (Aas and Faarlund, 1988) and it is likely that other vascular plants were also affected. The increased species number observed near the summit of Surtningssui in the period 1930-31 to 1951 ( Figure 4A ) suggests an upward shift of species during this relatively short period of time. Taking into account a vertical lapse rate of 20.55°C for 100 m altitudinal increase, the upward shift of species of 1.2 m per year (mean elevational advance) corresponds well with the predicted elevational advance in response to a 0.4-1.2°C temperature increase. Higher temperatures might permit invasion of frost-sensitive species by reducing the chances of cold events during the growing season Schlüssel and Theurillat, 1996) . Mean temperatures also mainly determine snowcover , which is regarded as one of the main factors in uencing alpine plant communities (e.g., Holten and Carey, 1992; . Snowfall has increased considerably in the western part of the area since the 1980s (Hanssen-Bauer and Fïrland, 1998), inducing the advance of Storbreen, which is situated in the west of the study area (Figure 1 ) (Nesje et al., 1995) . Increased snow-lie duration in the west, and hence a higher probability of acidi cation, in combination with the steeper topography and thus a higher probability of erosion events on the western mountains, may explain the low invasion and the high loss of species there. Factors other than warming should, however, be considered when assessing observed changes in biodiversity in response to environmental change. First, deposition of atmospheric nitrogen through precipitation has increased substantially in the last 50-100 years (Tïrseth and Semb, 1997) . Fertilizing alpine heath is expected to have a large impact on plant communities (e.g., Chapin and Shaver, 1985) , and species diversity has been shown to increase in low productive habitats (e.g., Theodose and Bowman, 1997) . Precipitation rates determine the nitrogen input in mountain areas (Tïrseth and Semb, 1997) , and annual precipitation has been higher in the western region than in the eastern during the last decades. Thus, if nitrogen is an important factor, one might expect a more pronounced plant response in the west than in the east. In this study, the greatest increases are recorded in the eastern parts, suggesting that the observed changes are not a response to increased nitrogen deposition. Second, grazing by domesticated reindeer has increased in the area since 1930-31. Grazing in low-productive snow-beds and heaths in Scandinavian mountains generally decreases species richness (Austrheim and Eriksson, 2001) , and thus increased grazing cannot explain the increased species number found on the highest altitudes in our study. However, moderate grazing might increase species diversity in more productive habitats (Chapin and Körner, 1995; Körner, 1999; Austrheim and Eriksson, 2001) . Alpine grazers are selective (Gaare and Skogland, 1970) , and they tend to prefer early successional vegetation, which might speed up the transition to later successional species. Grazers prefer grasses to shrubs, and moderate grazing may accelerate shrub encroachment and change grassland to shrub vegetation (Jefferies and Bryant, 1995) . The advance of dwarf shrubs at lower altitudes in Jotunheimen could be a result of grazing or a synergy between grazing and a more benign climate. Increased grazing may also have had an impact on the reduction of extreme snow-bed species, as these are attractive to reindeer at high altitudes (Gaare and Skogland, 1970) . Disturbance from grazers or (the third possible factor in uencing species richness) tourism, might create microsites where germi- nation and survival of seedlings become possible (Eriksson and Ehrlen, 1992) . Tourism is greater in the area than before. Few of the studied sites are situated close to paths, but species richness has increased in plots near paths where shelter and suitable rooting substrates also exist. Yet species richness has also increased on corresponding sites where few, if any, tourists pass. Four species have been lost from the stony, windswept ridge of Veslfjellet. This is the most disturbed of the mountains studied, with thousands of people crossing the summit (Besseggen) each summer. The combination of already harsh conditions for plant growth and extensive trampling might explain the local loss of species there. Fourth, succession in extreme environments is slow. The 'Little Ice Age' (1350-1850), the coldest period over the last millennium, induced major glacial advances in Jotunheimen (e.g., Matthews, 1977) , longer persistence of snowcover (Grove, 1988) and stronger grazing pressure on the available but limited resources, and depressed the forest limit (Aas and Faarlund, 1988 (Matthews and Whittaker, 1987; Matthews, 1992) . They might have been replaced by other species as succession proceeded towards more mature communities. Some of the advancing species observed, such as Vaccinium species, Salix species, Deschampsia exuosa and Empetrum nigrum, are all important in later successional stages at lower altitudes (Matthews and Whittaker, 1987; Matthews, 1992) . However, an extensive increase of lowland shrubs should, according to Matthews (1992) , not occur in a natural succession above 1500 m as the growing season there is thought to be too short. Thus, the marked increase in the abundance and frequency of shrubs and other heath and lee-slope species is most likely the result of other factors. Moreover, climatic warming, nitrogen deposition, grazing or tourism may all accelerate natural succession and recovery.
Conclusions
Large changes in species richness and altitudinal distributions have occurred during the last 70 years, despite relatively small changes in temperature. Climatic warming may increase the impact of other ecological factors, such as nitrogen deposition, grazing and tourism, along with their interactions. We propose that climatic warming is the major driving factor for the changes observed, and the upward shift of the vegetation belts may continue in the coming decades, especially on the eastern Jotunheimen mountains. With a simple response to warmer climate, highaltitude species might be driven upwards, eventually becoming locally extinct, due either to direct temperature effects or to habitat changes and increased competition. In western Jotunheimen, the effects of increased precipitation and rugged topography will probably ensure that refugial habitats for high-altitude, weakly competitive species will remain. In the east, with less increase in snowfall, available refugia are likely to become sparse, especially below 2000 m.
